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Keen interest in photoelectrochemical cells (PEC's) has focused attention
on the excited-state properties of the semiconductor electrodes which serve as
the key element of these devices (1). We and others have studied photoluminescence
(PL) and electroluminescence (EL) from a variety of II-VI and III-V semiconductor
electrodes in an effort to determine the effect of PEC parameters on the solids'’
c.cited-state deactivation routes (2). In general, measured radiative quantum yields,

3,107, We describe in this paper

¢r' of these materials have been small, ~10~
an electrode, n-ZnSe:Al, whose emission competes very favorably (¢r mlO-l-IO_z)
with other deactivation paths in stable, efficient PEC's. As observed with other

semiconductor electrodes (3), the PL of n-ZnSe:Al electrodes can be perturbed

and EL initiated by interfacial charge-transfer processes. We show that PL

quenching by applied potential is compatible with a dead-layer model used to

describe such quenching in other PEC's (4,5) and in Au-ZnSe Schottky diodes (6).

Experimental

Matcrials., Single-crystal (111) plates of n-type ZnSe:Al ("2 ppm Al based on

arc emission spectroscopy) were generously provided by North American Philips Corp.,
Briarcliff Manor, N.Y.; the samples ("5x5x0.25 mm) had been cut from boules which
were obtained from Eagle-Picher Industries, Miami, OK and had been subsequently

heat-treated in molten Zn at 950°C for 24 h to lower their resistivity to ~1-10 ohm-cm.

Twinned areas may be present below the surface in some of the samples employed.
Sample carrier concentrations of NJ017—1018 t:m"3 were estimated from both dc Hall
measurements (7) and Mott-Schottky data. In the former measurement, a Varian Associates
Model V-2301-A dc electromagnet producing a field of 0.5 kG was employed. Capacitance
measurements of the ZnSe:Al electrodes were made at 1.0 and 0.8 kHz in 1M OH and
diselenide electrolytes, respectively, using an Ithaco Dynatrac 391 lock-in voltmeter,
EG&G PAR Models 173 potentiostat and 175 programmer, and a Wavetek Model 182A 4MHz

function generator. Electrodes were prepared by etching the solids for 20 s with

/ 1:40 Br2/MeOH (v/v), making ohmic contact to the Se-rich crystal face by soldering

) with In, and then mounting the solid as an electrode as described previously (8).




Resistivity in some samples was deliberately enhanced by heat-treatment with Se
(Alfa; n3N purity). For these experiments, an V10-mg sample of ZnSe:Al was placed

in a quartz tube with ~0.2 mg of Se. The quartz ampule was evacuated (V0.1 Torr),
sealed to a volume of 3 cm3, and heated at 700°C in a Lindberg furnace for 30 s.
After its removal from the ampule, the solid was etched until bright PL was

observed, then mounted as an electrode. Sulfide, diselenide and ditelluride
electrolytes were prepared as described previously (9,10), except that after the

2Se was washed with NaOH, it was dissolved in conc. KOH to yield solutions
whose compositions were A10M KOH/0.25M Se2~. During PEC experiments, the electrolytes

solid Na

were vigorously stirred and blanketed with NZ' Preparation of peroxydisulfate

electrolyte has been described (11)., Mg0 powder was obtained from Baker Chemical Co.

PL Properties. Front-surface PL spectra at ambient temperature and at 77 X were

obtained with the Aminco-Bowman spectrophotofluorometer described previously (3).

The high-pressure Xe lamp of the instrument was used in conjunction yith an inter- ‘

ference filter (Edmund Scientific) for 405-nm excitation; a Corning 3-72 filter was

used to prevent this light from reaching the detection optics. All PL and EL

spectra were corrected for detector sensitivity from 350 nm to 800 nm using a

procedure previously described (3). The correction factors were incorporated

into a computer program for use with an APPLE II Plus Computer. Spectra

were digitized, corrected by the program, and plotted on an EPSON printer. 1
Measurements of ¢r were made by placing the ZnSe:Al samples and MgO powder

(reference) in turn in a quartz cuvette positioned in the Aminco-Bowman spectrometer's

sample compartment as previously described (3,12). The sample was irradiated

"head-on" with the spectrometer's high-pressure Xe lamp; interference filters

(FWHM is ~10 nm except for 366 nm where it is "30 nm) were used i

to isolate the desired excitation wavelengths. Both the reflected and emitted {

intensities were corrected for relative detector response.
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The dependence of ¢r on incident intensity was probed using the near uv lines
of a Coherent Radiation CR-12 Ar' laser (351-and 364-nm doublet), Samples were
mounted with epoxy on a glass rod and positioned at ~45° to both the laser
beam and the emission detection optics. Pl spectra were run as a function of
incident intensity which was varied with Melles Griot neutral density filters;
the EGSG radiometer was used to measure incident intensity in conjunction with a
glass slide which served as a beam splitter.

Time-resolved PL data were obtained in air with a pulsed N. laser (337 nm)

2
and N2—pumped dye laser (460 nm) using instrumentation and techniques previously
reported (13). Peak intensities of ~3 and 30 kW/Cm2 were used in these

experiments with essentially no difference in the resulting decay curves.

PEC Experiments, A flat-faced quartz cell equipped with a side arm was employed

for most PEC measurements. Long-term stability experiments in diselenide and
ditelluride electrolytes were conducted as described previously with an n-ZnSe:Al
working electrode and a Pt foil counterelectrode (8 ). A polyethylene bag was
attached to the top of the cell and purged with N2 during the experiments.
Photoaction spectra were obtained as previously described (14) using
transparent selenide electrolyte. The output of a 150-W Xe lamp (Oriel) was
monochromatized for excitation; lamp intensity was measured with the EG&G radiometer
whose response from 350-800 nm was corrected with the manufacturer's calibration
factors. Photocurrents were measured at -1.0 V vs. SCE.
A standard three-electrode potentiostatic setup was used for obtaining iLV
data., Excitation at 366, 405, and 436 nm (200-W, high-pressure Osram Hg
lamp with interference filters) was used; lenses and masks were used to fill the
exposed electrode area with light, Electrochemical measurements were made with an
EG&G PAR Model 174 potentiostat; i-V curves were recorded on a Houston
Model 2000 x-y recorder. Steady-state PLintensity in operating PEC's was

influenced by production of colored Sezz- and Te22- species. A pulse technique




was employed to minimize this problem during the generation of iLV curves.

The technique consisted of pulsing the electrode between open circuit and
increasingly positive potentjials. Typically, the electrode sat at open circuit

for 500 ms, then was pulsed for 57 ms to a potential which increased by 5 mV with

each cycle. The i-V curves obtained in this manner were identical to steady-state

i-V curves. PL was detected with the EG&G radiometer covered by a 600-nm interference
filter. Output signals were displayed on a Tektronix Model RM503 oscilloscope equipped
with a camera; sweep rates which resulted in potential steps of 10 mV/s permitted

an entire PL intensity-V curve to be photographed with one exposure of "2 min.
Incident light intensity was measured by inserting a mirror (“80% reflectivity)

and reflecting the light into the EG&G radiometer. The weakness of the edge PL
required use of the near-uv lines of the Art 1aser and the Aminco-Bowman

spectrometer for generation of iLV curves in which both PL bands could be monitored.

EL Properties. EL spectra were obtained in 5M NaOH/0.1 M KZSZOS electrolyte by
pulsing the electrode between 0.00 V (8 s) and a potential cathodic of
"-1.7 V vs SCE (1 8),while slowing scanning the monochromator of the emission
spectrometer (12 nm/min), as described previously (11). At potentials where
they could be obtained, steady-state EL spectra were essentially identical to
those generated by the pulse technique.

Instantaneous EL efficiencies were determined as described previously (3).
The total emitted energy per pulse measured with an EG&G Model 550-3 pulse

integration module was converted to 600-nm photons using the manufacturer's

correction factor at that wavelength,




Results and Discussion

Single-crystal samples of cubic n-ZnSe doped with Al (2 ppm) and having carrier

l7—1 18 cm"3 were employed in these studies. Sections below

0

concentrations of V10
describe the PL properties of these solids, their perturbation by PEC parameters,
and EL from the solids.

L Spectra. Near-uv excitation of n-ZnSe:Al crystals produces effulgent, orange
emission. The 295 K PL spectrum of the material, Fig. 1, is dominated by a broad
band (FWHM 115 nm) with Amax 600 nm; a weaker, sharper band (FWHM 10 nm) peaking
at V460 nm is also present. The latter transition, whose intensity is reported

to be very sensitive to preparative conditions (15), occurs near the band gap

energy (E8 n2.7 eV (16)). Although the band's origin in our samples is unknown,

its designation as edge emission appears apt based on its energetic proximity

to Eg and its temperature dependence: Fig. 1 indicates that the band blue shifts
by v0.09 eV to 445 nm upon cooling to 77 K, consistent with the temperature
coefficient of -4.1 x 10—4 eV/K reported for exciton emission from cathodo-

luminescence studies (16b).

An intense orange band at v630 nm has been reported for many ZnSe samples and

assigned as self-activated (SA) PL; the transition is believed to involve a deep
trapping level arising from a complex based on a Zn vacancy, VZn' and a
next-neighbor donor impurity such as Al, (Al on a 2n site) (17). Our spectra
are somewhat more complex, but accord well with spectra reported by Bouley et al (15).
Figure 1 reveals that the band at 600 nm seen at 295 K splits into two bands with
Apax ~630 and 550 nm at 77 K. The former, likely the SA band, has been assigned
to complexes involving a neutral (VZnAlzn) or ionized defect (VZnAlzn)-’ while

{ : the latter was ascribed to a defect involving Al and an alkali metal impurity (15).

For convenience, we will refer to the 600-nm transition as a SA band, although

we emphasize that its origin is not fully established in our samples.




PL Efficiency. As previously noted, samples of n-ZnSe:Al are highly emissive,

We have employed a technique to obtain ¢r values which, using a common geometry,
compares light reflected from a nonabsorbing material with light reflected and
emitted from a sample (12). Table I presents a compilation of measured o, values
obtained in air for the SA emission using several different excitation wavelengths.
The tabulated values, uncorrected for self-absorption and internal reflectivity,
are substantial, ranging from n2-5%. Large radiative efficiencies are also
supported by the modest doubling of o, observed when samples are cooled to 77 K.
Similar efficiencies and thermal behavior were reported for the ZnSe:Al samples
studied by Bouley et al (15, The decline in ¢r with excitation wavelength,

Table I, suggests the presence of a nonemissive near-surface region: Reported
absorptivities increase substantially below 460 nm (18), so that a nonemissive
layer is expected to reduce ¢r as it absorbs larger fractions of incident light.

PL Decay Times., Time-resolved PL properties were studied in air using the 337-

and 460-nm outputs of a N2 laser and Nz—pumped dye laser, respectively. Measure-

ments of the edge PL band were limited by the duration of the laser pulse,

indicating a decay time of 57 ns. A similar limitation was observed for the

rise time of the SA band and its initial decay. After the peak intensity of the band

had dropped v30Z%, however, a much longer nonexponential decay was observed with

typical Y /e values being v 1 ps, These properties were independent of the

excitation wavelengths employed and of the PL wavelength monitored.
Mechanistically, the different temporal behavior of the edge and SA bands is

an important result in that it indicates that the corresponding excited states

are not thermally equilibrated (19) ., Initiation of the SA emission is also

addressed by the data. Although the rapid rise time for the SA band could

reflect population via the excited state responsible for edge emission, our

data are also consistent with population from a yet higher-energy state when

ultraband gap wavelengths are employed; in the latter case, the strong lattice




coupling characteristic of deep traps provides a relaxation mechanism for rapid

population of the SA state in parallel with population of the state leading to
edge emission. Excited-state communication by either of the schemes outlined is
. . +
alsou supported by steady-state measurements using the ncar uv lines of an Ar
L . . -2 1 2 . s
laser; over an incident intensity range of V10 ~ to 10° mW/cm™, the intensities
of the edge and SA PL bands maintain a constant ratio.

PEC Properties. Although n-ZnSe has becn used as an electrode in PEC's (18,20),

the material has not, to our knowledge, been stabilized to the extent that it
can be used for efficient conversion of optical energy to electricity; decomposition
according to eq. (1) has previously been observed in several electrolytes (20a,b,f).

The ability to stabilize n-CdX (X = S, Se, Te) electrodes with polychalcogenide

hv +2

ZnSe ——> Zn + Se + 2e (1)

electrolytes suggested their use with n-ZnSe electrodes (9). In an initial experiment
with sulfide electrolyte (1M OH /1M 82_),dccomposition still obtained: photocurrent
fell rapidly, and pitting of the surface occurred. However, PEC's constructed

from n-ZnSe:Al, a Pt counterelectrode and (di)selenide or {(di)telluride electrolyte
were stable, Table Il demonstrates that little electrode weight loss accompanies
long-term experiments in these electrolytes, Other evidence of stability includes
relatively constant photocurrents and lack cf surface damage in the prolonped
experiments, as well as observation of competitive electrolvte oxidation (y).

We obtained photoaction spectra of our samples near short circuit in a
transparent selenide electrolyte, Figure 2 reveals that, as expected, photo-
current rises sharply at 460 nm, roughly the band gap ecnergy. The enhanced
efficiency of e -h* pair separation with decreasing wavelength is consistent

with the reported trend in absorptivities (18) and with the decline in electric

field strength with distance from the interface (21).




Current-voltage curves, shown in Figure 3, reveal that photocurrent in

disclenide electrolyte onsets at 2.0 V vs., SCE at moderate light intensities of
~10 mW/cmg, yielding an open-circuit voltage of ~1.0 V. The photocurrent quantum
efficiency, ox, is relatively low for these PEC's. Table I shows that even the
least deeply penetrating wavelength, 366 nm, yields a short-circuit ¢x value of
¢aly 0,50, We attribute the low ¢x values to narrow depletion widths, W, and
short hole diffusion lengths, Lp’ in these materials: W is calculated to be
A300-1000 A at short-circuit in our materials (22) , and Lp has been reported to
be only mlO2 K for comparably-doped ZnSe materials (20e). We estimate ¢ »m PL
data (vide infra) that the 366-nm absorptivity of ZnSe is ’\:6—8x104 cm so that
a significant fraction of e -ht pairs would be created beyond the dept here
holes can be collected by diffusion into the drift region. Despite th

modest ¢  values, Table I demonstrates that n-ZnSe:Al-based PEC's can still
yield substantial efficiencies for the conversion of monochromatic light to
electricity, values of V5-7Z for 366-nm excitation being typical. In the
protracted experiments of Table II, energy conversion efficiencies of A3-4%

(366~-nm experiments) were sustained for several days.

Of particular interest to us are changes in PL properties which accompany
the use of the semiconductor as an electrode. Figure 4 demonstrates that in
passing from open circuit to short circuit, the two PL bands are quenched roughly
in parallel by the applied electric field. The spectral distribution is invariant
over the potential range of Figure 3, permitting changes in PL intensity to be
monitored at a single wavelength. Simultaneous measurements of current, PL
intensity, and potential (ilLV) data are illustrated in Figure 3 and summarized

in Table I. The table reveals that PL quenching obtains with all of the excitation

wavelengths employed.




Quenching of semiconductor PL by applied potential is a well-docunicentod

18]

phenomenon in both semicondi tor/metal- (5,23) and PEC-baued (2,37 Schor by -

barrier systems, A dead-laver model which quantifies PL guenching in tne oo Pid-state
systems has recently been found applicable to PEC's based on n-CdSe and n-Lais

(4,5). In its simplest form, the model states that e_—h+ pairs formed within

some fraction of the depletion width are swept apart by the field und do nou

contribute to PL. The mathematical form of the model is given by eq. (2) where D

¢r ) .
= exp(-a'D) (2)
FB
is the dead-layer thickness; Qr and ¢ are the radiative quantum efficiencies

T,
FB
at an in-circuit potential and at flat-buand potential (approx.matrcue here as

the open-circuit potential); and »' = a + B with @ and 3 the colid's absorpiivities
for the exciting and emitted light, respectively.

The dead-layer model was recently shown to be appliceble to PL from o Au-/nSe
Schottky diode; PL intensity-voltace curves obtained with £32-nm light could roughly
be fit by assuming that D has a functional dependence like that of W (D proportional
to (V—VFB)%)(6). For the n-ZnSe:Al-based P'FC's, Pl quenching curves like taat
shown in Figure 3 can b similarly fit, although discrepancics occur near open
circuit. Such discrepancies, alwo noted for n-GaAs-based PEC's, may indicate

that potential applied in this regime is partitionced between the semiconductor

and the Helmholtz layer (4). .
Another quantitative test of the dead-layer model, independence of D on :
optical penetration depth,is presertly precluded by a lack of reliable 1'

absorptivities for n-ZnSe:Al. However, qualitative accord is indicated by the

enhanced PL quenching at short circuit with decreasing wavelength and penetration

depth, Table I. If the dead-layer model is assumed applicable to these PEC's,

- /.
it yields, using g 5x104 cm ! for 436-nm light (6), absorptivities of A 4x107
and f)xl()[‘ (,m_] at 405 and 366 nm, respectively,
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the effect of carrier concentration on PL quenching was also qualitatively
consistent with the dead-layer model. As was found in the solid-state study (6),
P more resistive samples, prepared by heating ZnSe:Al in an evacuated ampule with
Se, exhibited greater PL quenching, as shown in Table I. The wider electric
ficlds of these samples were also manifest in larger oy values. Taken as a unit,

we believe our data provide good evidence for describing PL quenching in n-ZnSe:Al-

based PEC's in terms of a dcad-layer model,

A final point of interest concerns the parallel quenching of the two PL

bands illustrated in Figure 4. Although we are unable to definitively

establish the mechanism for populating the SA state (vide supra), the parallel

. . . . . - .+ . ; .
quenching is consistent with separation of e - h pairs prior to population of

this state.

EL Properties. We have found that n-ZnSe:Al electrodes mimic other II-VI

electrodes (3) in exhibiting EL when used as a cathode in aqueous, alkaline,
peroxydisulfate electrolyte (24). The key step involved in populating the
emissive excited state has been proposed to be hole injection by SOa' radical
anions formed by reduction of 82082— (25). As in previous studies, we have
obtained EL spectra using a pulse technique: while the emission monochromator
is swept, the electrode is pulsed repetitively between a potential where no
current is observed (0.0 V for 8 s) and a potential sufficiently cathodic to
initiate EL (1-s pulse). We find that EL is initiated to the dark-adapted

eye at v-1,7 V vs, SCE, roughly the onset of dark cathodic current in the {

2-

electrolyte of SM OH /0.1 M S,0g" «

——

e 4
o
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Figure S presents the EL spectrum of an n-ZnSc:Al electrode. Both the

edge and SA emission bands are evident, and o comparison with Fig. 1 indicates
that the relative intensities of the bands arc similar in the two spectra .
The overall spectral similarity indicates that rhe sume two emissive excited
states are populated in both experiments.

Besides spectral distributions, we have also measured lower-limit integrated
EL efficiencies,.$EL, using techniques and approximations previously described (3).
For n-ZnSe:Al electrodes, we obtain'aEL values of ~10™0 and 107% at -1.8 and -2.2V
vs. SCE, respectively. These numbers are of intcrest because aEL (photons emitted
per holes injected) can be factored into an efficiency for excited-state population,
¢ES (excited states populated per holes injected) and the PL radiative efficiency,

o (photons emitted per excited states populated). Samples of n-CdS (0< X< 1)

Se
X" 1-X
exhibit ¢. and ¢_values wnich are nearly equal, suggesting ¢ is near unity for
EL r Y q & ES y
these samples. In contrast, our ¢EL values for n-ZnSe:Al are lower than the measured

-2 by a factor of 10—2»10_4. The discrepancy in the two efficiencies

¢, of 1071210
may be due to a low value of ¢ES but more likely rzflects the different spatial
regions involved in the two modes of excited-state population. In particular, EL is
expected to originate, on average, from nearer the semiconductor surface than PL,
owing to its initiation by interfacial charge transfer. A lower ¢r value for the
(near-)surface region due to nonradiative surface recombination could then account
for the observed low EL efficiencies. Such a non-emissive near-surface region has
already been suggested to account for the variation of PL efficiency with excitation

wavelength. Reduction of the electrode surface during the EL experiment (3) may

also contribute to the discrepancy.
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Figure Captions

Figure 1. Corrected, front-surface PL spectra of n-ZnSe:Al at 295 K

(dashed line) and 77 K (solid line). Both spectra were taken at the

same sensitivity (a 100-fold increase in sensitivity was used in scanning

the 410-480-nm region). The sample was excited with identical intensities

of 405-nm light without disturbing the experimental geometry.

Figure 2. Photoaction spectrum for a n-ZnSe:Al-based PEC in optically
transparent selenide electrolyte; the electrode was held at -1.0 V vs. SCE.

The plotted values of relative photocurrent have been corrected for

variation in light intensity as a function of wavelength. Although the

optical pathlength was minimized, the spectrum is not corrected for electrolyte
absorption,

Figure 3. Photocurrent (bottom frame) and PL intensity (top frame) monitored
at Amax 600 nm vs. potential for a n~ZnSe:Al electrode excited at 366 am in
10 M KOH/0.25 M Sez—/0.00lM Se22_ electrolyte., The incident light irradiated
the “'0.2-cm2 exposed area of the electrode with “0.60 mW of power. The

iLV curves were generated using a pulse technique described in the

Experimental Section. The electrolyte redox potential was -0.95 V vs. SCE,
Figure 4, Corrected PL spectra of a n-ZnSe:Al electrode excited with the near-uv
lines (351, 364 nm) of an Art laser in the diselenide electrolyte of Figure 3,
Curves A and B were taken at -2.,0 V (open circuit) and -1.0 V vs. SCE, respectively.
Both spectra were taken in an identical sample geometry.

Figure 5. Corrected EL spectra of an n-ZnSe:Al electrode obtained in

SM OH /0.1M 82082— electrolyte. The electrode was continuously pulsed

between 0.00 V (8 s) and -2.0 V vs, SCE (1 s) while the emission spectrometer

was swept at 12 nm/min. A 100-fold increase in sensitivity was used in

scanning the 400-480-nm spectral region.
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